Mercuric ions, as well as organomercuric ions and cadmium ions, can inhibit deoxyribonucleic acid-mediated transformation in Bacillus subtilis 168 without decreasing the viability of the total population. Differences in the inhibition of transformation by mercuric ions are identifiable on a temporal and concentration dependence basis. Sensitivity to low concentrations (9.2 x 10 -M) appears early in the uptake of deoxyribonucleic acid before the transformed markers have become insensitive to deoxyribonuclease. Resistance to "low concentrations" of Hg2+ is kinetically indistinguishable from the requirement for magnesium in the transformation process. This inactivation is not reversed by the mercury-binding compound glutathione. Sensitivity to mercuric ions at a higher concentration (5.52 x 10-7 M) occurs after the donor deoxyribonucleic acid has become insensitive to deoxyribonuclease. These complex interactions between mercuric ions and the process of transformation are discussed.
A requirement for divalent cations such as magnesium or calcium ions has previously been demonstrated (18, 19) in the process of transformation with double-stranded deoxyribonucleic acid (DNA) in Bacillus subtilis. Treatment of competent cells with low concentrations of other metal cations such as Cu2+, Zn2+ , and Ni2+ (19) or the removal of the cations by chelating agents (3, 9) have been shown to inhibit DNA binding and transformation. Mercuric ions are known to bind to many targets on the cell, including sulfhydryl-containing proteins (16) as well as purified DNA and nucleic acid components (6) . The metal-DNA interaction is thought to be specific for A-T base pairs (10) . Furthermore, fractionation of DNA on the basis of A-T base composition has been reported (17) .
The studies described here demonstrate that at least two target functions required for transformation are separable on the basis of time of sensitivity to, and concentration of, mercuric ions. Preliminary reports of this data were presented at the Annual Meeting of American Society for Microbiology, 1973 ple auxotrophic strain BR151, carrying lys-3, trpC2, metBlO, was used as a recipient for DNA-mediated transformation. Wild-type DNA was isolated from a clone of strain BR151 that had been previously transformed to prototrophy. Bacteriophage 025 (11) obtained from B. Reilly was used for transfection studies.
Isolation of DNA. Bacterial DNA was isolated by a modification of the phenol extraction procedure of Saito and Miura (12) , and further purified using the technique of differential precipitation introduced by Marmur (8) . Cultures were grown for 18 h in 200 ml of Penassay broth (PB, antibiotic medium #3, Difco) at 37 C with shaking. Throughout this study, all incubations requiring agitation were carried out in a rotary shaker water bath (model G76, New Brunswick Scientific, Inc.) at 150 rpm. The cells were harvested by centrifugation, washed twice in 10 To determine the target of the mercuric ions, competent cultures were treated with different concentrations of mercuric ions for 10 min before DNA was added. The effects of this pretreatment of the cells with mercuric ions on viability and frequency of transformation are shown in Fig. 2 . Mercuric ions in the concentration range of 0 to 1.2 x 10-6 M were found to have no effect on viability, either in the presence or the absence of DNA, but were observed to exponentially decrease the frequency of transformation for the trpC2 locus. Similarly, treatment of the competent cultures with appropriate concentrations of phenyl mercuric ions, methyl mercuric ions (Fig. 3 ), or cadmium ions (Fig. 4) \ during the period after the DNA has become _j insensitive to DNase also results in no reduction cc of the frequency of transformation (Fig. 7) . 8 To further localize the time of inhibition of -' the transformation process by mercuric ions, competent cultures were exposed to 9. were assayed for sensitivity of transformants to DNase, mercuric ions, or EDTA as follows. To assay for mercuric ion sensitivity, 0.1-ml samples were transferred to shell vials containing 0.8 ml of minimal medium and HgCl2 at a final concentration of 9.2 x 10-8 M. At 60 min after addition of DNA, 100 Mg of DNase was added to each mercuriated sample, and, after a further 10-min incubation, these mixtures were assayed for total viable counts and transformants, as described in Fig. 2 . Sensitivity to EDTA was measured by transferring 0.1 ml of DNA-culture mix to 0.7 ml of 10-4 M EDTA (pH 7.0 in minimal medium) resulting in a final concentration of 8.8 x 10-5 M EDTA. At 60 min after addition of DNA, 100 Mg of DNase (0.1 ml) and MgSO4 at 35 mM was added for a further 10 min. The mixtures were assayed for viability and transformation. Sensitivity to DNase was assayed by transferring 0.1-ml samples of the DNAculture mixture to 0.9 ml of minimal medium containing 50Mgg of DNase. At 70 min after addition of DNA, the subcultures were assayed for viability and transformation. Transformation frequencies of the DNAculture mixture are plotted as a function of time of addition of Hg'+ ions (-), EDTA (A), orDNase (0). DNA (5), or cold shock (15) . Finally, exogenous DNA becomes insensitive to agents acting outside the cell, presumably because it is intracellular.
A common mechanism for the early events of DNA-mediated transformation and transfection has been postulated for B. subtilis (14) . However, recent evidence (for a review see reference 22) indicates that this may be an oversimplification of a complex process. In any event, both DNA-mediated transformation and transfection have a function blocked by exposure to similar concentrations of mercury (Fig.   5 ).
It is extremely difficult to reproducibly assay the effects of mercurials at low concentrations in biological systems. This is largely due to changes in effective concentrations caused by binding to container surfaces and to medium components (T. W. Clarkson, personal communication). The difficulty can be overcome by using a range of concentrations wherever practical and by the use of suitable controls. Stock solutions of mercurials should also be prepared at as high concentrations as possible to minimize the effect of loss by binding to glass during storage. Although these precautions allow meaningful results in a given experiment, it is difficult to compare the concentrations required to elicit a particular effect in different experiments. In addition, the inhibition of transformation by mercurials is dependent upon the ratio of cells and DNA to mercurials. Technical modifications which alter these ratios alter the sensitivity of the transformation process to the mercurials. For example, mercuric ions at a concentration of 9.2 x 10o-M inhibit transformation when a small volume (0.1 ml) of cell-DNA mixture is diluted into a relatively large volume (0.8 ml) of mercuric chloride solution (Fig. 8) . This concentration, however, has little or no effect when mercuric ions are added from a concentrated stock solution to the original cell suspension prior to the addition of DNA (Fig. 2) or when the mercuric ions are added in the form of mercuriated DNA (Fig. 1) .
The inhibition of transformation by pretreating DNA (Fig. 1) or cells ( Fig. 2) with mercuric ions or related compounds (Fig. 3, 4) at concentrations that have little effect on viability could occur by at least three mechanisms: (i) the biological activity of the DNA might be inactivated; (ii) the interaction of the DNA with the cells could be inhibited; or (iii) the mercuric ions could simply be selectively killing the competent population.
Because it is difficult to accurately determine the number of competent cells in the culture, it is not possible to completely eliminate the possibility that competent cells are being selectively killed. DNA does not appear to be carrying the mercury into the competent cells to an internal, sensitive site, since similar effects on viability were found when competent cultures were treated with a range of concentrations of mercuric ions in the form of free ions or in the form of mercuriated DNA (D. Groves, unpublished observations). The biological activity of the DNA itself is an unlikely target, as pretreatment of the cells with mercuric ions before DNA is added blocks transformation (Fig. 2) . In addition, this inactivation by mercuric ions at low concentrations is irreversible nearly 10 min before the DNA is added (Fig. 6) . Although the reduced glutathione-mercuric ion complex has a dissociation constant much lower than that for other biological complexes of mercuric ions (16) , the inhibition by mercuric ions rapidly became irreversible (Fig. 6) . Either the target site has an extremely high affinity for mercuric ions or the mercuric ion-target complex rapidly becomes sterically inaccessible to the glutathione.
The block in DNA uptake by low concentrations of Hg2+ must be an early event, prior to 'the onset of resistance to DNase ( Fig. 7 and 8 ).
In fact, mercuric ions at the lower concentrations have been shown to block the specific binding of radioactive DNA by competent cells (D. Groves, unpublished observations). The finding that transformants do not become resistant to higher concentrations of mercuric ions until after prolonged incubation in the presence of DNA indicates that there may well be two sites of inhibition by mercuric ions. An alternative explanation could be that only one mercurysensitive site exists, and that a product or products accumulate which bind to the mercury and reduce its ability to inhibit transformation. This explanation would be consistent with the result in Fig. 9 if, at 50 min, a rapid accumulation of the mercury-binding product occurs, or if a new product appears that has a higher affinity for mercuric ions. The release from inhibition at lower concentrations might well reflect a lower, but constant rate of increase in the concentration of the mercury-binding compound. The early target for low concentrations was temporally indistinguishable from the requirement for magnesium ions. It is possible that the site that requires magnesium for activation (9, 18, 19) can be blocked by addition of other metal cations. Another possible site is the manganeseactivated endonuclease activity (13) which causes double-stranded breaks in exogenously added DNA to yield fragments of approximately 107 daltons. Alternatively, it is possible that Hg2+ inhibits the autolytic enzymes that may be involved in development of competence (20, 21) . Recently, Ranhand has observed that Hg2+ inhibits the autolysin of Streptococcus (J. Ranhand, personal communication). Studies are in progress to utilize Hg2+ to isolate the site of initial binding of DNA to the cell surface.
